In this study, we show that LIM kinase 1 (LIMK1), a critical regulator of actin dynamics, plays a regulatory role in tumor cell invasion. We found that the level and activity of endogenous LIMK1 is increased in invasive breast and prostate cancer cell lines in comparison with less invasive cells. Overexpression of LIMK1 in MCF-7 and in MDA-MB-231 human breast cancer cell lines increased their motility, whereas the specific ROCK and Rho inhibitors Y-27632 and C3, respectively, attenuated this effect. In addition, inhibition of LIMK1 activity in the MDA-MB-231 cells by expression of dominantnegative LIMK1 resulted in decreased motility and formation of osteolytic bone lesions in an animal model of tumor invasion. This study shows an important role for LIMK1 signaling in invasion of cancer, demonstrating its potential as a therapeutic molecular target to decrease metastasis.
T umor invasion and metastasis is a critical event for cancer patients as it often results in death. Current therapies are of limited value in most patients with disseminated disease, leaving us with the goal of identifying genes that regulate the metastatic process and designing drugs that target their function. During progression of tumor cells to a metastatic phenotype, they undergo a series of changes that begin with loss of contact inhibition and increased motility, allowing them to migrate from the primary tumor site, invade distant organs, and induce neo-vascularization resulting in metastasis (1) . Many of these changes are associated with dynamic actin reorganization and activation of signaling pathways through transmembrane receptors, including receptor tyrosine kinases and phosphatidylinositol 3-kinases (2, 3), G-protein-coupled receptors (4), chemokine receptors (5) , and transforming growth factor-␤ receptor (6) . In association with cell adhesion molecules at the plasma membrane, the cytoskeleton affects the nature of cell-to-cell and cell-to-substrate interactions via clustered transmembrane integrins that are associated with extracellular matrix proteins (7) . These complexes provide the driving force for cell movement and surface remodeling, including neurite extension and axon formation.
Members of the small guanosine triphosphatase (GTPase) family control cell adhesion and motility through reorganization of the actin cytoskeleton and regulation of actomyosin contractility (8) . We have previously demonstrated the role of the Rho-actomyosin system in tumor cell invasion (9) . Both RhoA (10) and the related RhoC (11) are expressed at a relatively higher level in metastatic tumors, and their expression levels positively correlate with the stage of the tumors (12) . However, mutations in the Rho gene have not yet been found in human tumors; rather, the overexpression of RhoA in the cell facilitates its translocation from the cytosol to the plasma membrane, where its activation results in stimulation of the actomyosin system, followed by cellular invasion both in vitro and in vivo (13) .
One of the target molecules of Rho is the family of Rhoassociated serine-threonine protein kinases (ROCK) (14) , which also participates in cell-to-substrate adhesions, stress fiber formation, and stimulation of actomyosin-based cellular contractility (15) . We have demonstrated that ROCK, like Rho, is involved in tumor invasion, and that a specific ROCK inhibitor, Y-27632 (16), markedly attenuates the invasion and dissemination of active RhoA-expressing rat hepatoma cells after implantation into the peritoneal cavity of syngeneic rats (17) . Recent studies showed that ROCK can phosphorylate and activate LIM kinase 1 and 2 (LIMK1 and LIMK2) (18, 19) as well as myosin light chain 20 ref. 20) . We and others have shown that LIMK1 regulates actin dynamics by inhibiting the activity of the actin depolymerizing protein cofilin (21, 22) . When cofilin is phosphorylated by LIMK, it no longer binds to and depolymerizes actin, resulting in net actin polymerization. Because LIMK1 activity is regulated by Rho and ROCK, which have a role in regulating tumor invasion, we postulate that LIMK1 is also involved in mediating this phenotype.
Here, we demonstrate that the expression level of LIMK1 and its activity are increased in highly invasive breast and prostate cancer cell lines in comparison with less invasive cells. Furthermore, the overexpression of LIMK1 in MCF-7 and in MDA-MB-231 cells results in their conversion to more motile cells, whereas the overexpression of dominant-negative LIMK1 in MDA-MB-231 cells decreases their ability to form osteolytic lesions and thus invade bone.
Materials and Methods
Animals. Female BALB͞c-nu͞nu mice (SLC, Shizuoka, Japan), 5 wk old, were housed under specific pathogen-free conditions. All animal experiments were approved by the Animal Ethics Committee of the Osaka Medical Center for Cancer and Cardiovascular Diseases.
fection of constructs or empty vector by using Lipofectamine Plus reagent (Invitrogen), and selected in the presence of 800 g͞ml G418 for 4 wk.
In Vitro Invasion Assay. The chemoinvasion assay was carried out as described (27) , except that MDA-MB-231 and MCF-7 cells were incubated for 6 and 20 h, respectively.
Purification of C3 Exoenzyme. Bacterially expressed GST-C3 exoenzyme was purified as described (28) .
Immunoblotting. For the analysis of endogenous LIMK1 expression in different cell lines, the immunoblot analysis was performed essentially as described (21) . One hundred micrograms of protein lysates from each cell line were separated by 7% SDS͞PAGE, electroblotted to Hybond C extra membrane (Amersham Pharmacia), and probed with a rat monoclonal anti-LIMK1 antibody that specifically recognizes LIMK1, but not the related LIMK2 protein (V.F. and O.B., unpublished results), at a 1:3,000 dilution. For alkaline phosphatase treatment, 50 g of protein lysates were incubated with 10 units of calf intestinal alkaline phosphatase (Roche Diagnostics) for 1 h at 37°C before electrophoresis. To detect HSP70 protein, used as loading control, a mouse monoclonal anti-HSP70 antibody was used at 1:1,000. The secondary antibodies were horseradish peroxidaseconjugated anti-rat or anti-mouse IgG used at a 1:20,000 dilution (Chemicon). The final signal was revealed by ECL chemiluminescence (Pierce).
For detection of LIMK1 in the cell transfectants, cells (5 ϫ 10 4 ) were lysed in Laemmli sample buffer (29), separated by 7% SDS͞PAGE, and transferred to a nitrocellulose membrane (Bio-Rad) with semi-dry method. The blot was probed with rat monoclonal anti-LIMK1 antibody (1:3,000), followed by incubation with anti-rat IgG alkaline phosphatase conjugate (Promega, 1:2,500). The signal was developed by using nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (Promega) as substrate.
Estimation of Phospho-Cofilin and Phospho-MLC-20 Levels. Cells (3 ϫ 10 4 per sample) were starved in medium containing 0.1% BSA for 24 h before harvesting and separated on 12.5% SDS͞PAGE. For estimation of phospho-cofilin levels, the blots were probed with rabbit anti-phospho-cofilin (1:1,000), and rabbit anti-cofilin (1:200) polyclonal antibodies, followed by goat anti-rabbit IgG alkaline phosphatase conjugate (Promega, 1:7,500). For estimation of phospho-MLC-20 (PMLC20) levels, the blot was probed with anti-PMLC20 polyclonal antibodies (1:100), followed by goat anti-rabbit IgG alkaline phosphatase conjugate (Promega, 1:7,500). The relative phosphorylation level of MLC-20 in each cell lysate was estimated from the signal of PMLC20 normalized with the signal of MLC-20, which was obtained by immunoblotting using MY21 monoclonal Abs on the duplicate blot. Protein levels were measured by using a flat scanner (GT-9500, Epson) and analyzed with NIH IMAGE software (Version 1.62). Data are representative of three separate experiments. Statistical analysis was performed with STATVIEW software package (Hulinks, Tokyo).
Immunofluorescence. Cells were grown on fibronectin-treated glass coverslips, fixed in 1% paraformaldehyde͞PBS for 20 min, and blocked in 2% normal goat serum, 5% FCS, and 0.1% Tween 20 in PBS for 1 h at room temperature. Primary antibodies, including rat monoclonal anti-LIMK1 (1:500) and mouse monoclonal anti-vinculin (Sigma, 1:100), were diluted in fresh blocking solution and added to the cells for 1 h at room temperature or overnight at 4°C. After three washes in PBS, secondary antibodies including Alexa 488 anti-mouse or anti-rat IgG and Alexa 594 anti-mouse IgG (Molecular Probes) were diluted in the blocking solution at 1:700 and incubated with the cells for 1 h at room temperature. To stain for F-actin, Alexa 594 phalloidin (Molecular Probes) at 1:100 dilution was included in the secondary antibody dilution mix. Cells were washed three times in PBS and mounted in an anti-fade mounting medium (DAKO), and images were taken by using a confocal microscope.
Bone Invasion of MDA-MB-231 Transfectants in Nude Mice. Intracardiac injections of LIMK1-transfected MDA-MB-231 cells were performed as described (23, 30) . Cells from clone 3 of the wild-type LIMK1 (wtLIMK1) or DN-LIMK1 transfectants or from untransfected cells (2 ϫ 10 5 in 0.1 ml of PBS) were injected into the left ventricle of 5-wk-old anesthetized (with pentobarbital 0.25 mg͞kg) female BALB͞c-nu͞nu mice. Three weeks later, anesthetized mice were exposed to an x-ray at 45 kV, 3 mA for 1.5 min by using a soft x-ray apparatus (Softex Type, Osaka). The radiographs were assessed independently by two orthopedic surgeons. The number and area of osteolytic lesions, recognized as demarcated radiolucent lesions in the bone, were quantitatively assessed by using a MAC SCOPE Version 2.51 image analysis system (Mitani, Fukui, Japan).
Statistical Analysis. Data are expressed as mean Ϯ SD unless otherwise noted. Significance (P Յ 0.05) was determined by using a two-sided Student t analysis.
Results

LIMK1 Expression and Activity Are Increased in Cancer Cell Lines.
LIMK1 is activated by phosphorylation of threonine 508 in the activation loop of the kinase domain by ROCK (18) , suggesting that the activation of ROCK results in increased LIMK1 activity. In addition, like many other protein kinases, LIMK1 is further activated by transphosphorylation on serine residues (21) . Accordingly, we examined the levels and the phosphorylation state of endogenous LIMK1 protein in cell lines with varying potential to form tumors and metastasize in animal models. Endogenous LIMK1 protein was observed primarily as an Ϸ70-kDa protein in all of the cell lines tested (Fig. 1A) . Low to moderate levels of LIMK1 protein were observed in mouse olfactory epithelial cells, human 293T cells, and mouse NIH 3T3 cells (lanes 1, 3, and 4), and in the low invasive human breast cancer MCF-7 (lane 6) and prostate cancer LNCaP (lane 7) cell lines. However, both elevated levels and apparent slower moving forms of LIMK1 were detected in the SV40-transformed monkey COS-7 cells (lane 2) and in the invasive prostate and breast cancer cell lines PC-3 (lane 8) and MDA-MB-231 (lane 9), respectively. In addition, Ras-transformed NIH 3T3 cells (lane 5), known to be highly invasive, express higher level of LIMK1 than normal 3T3 cells (lane 4). The apparent higher molecular weight forms of LIMK1 in these cell lines correspond to phosphorylated forms of LIMK1 as they essentially disappeared after treatment with alkaline phosphatase (lanes [10] [11] [12] .
Immunofluorescence analysis of endogenous LIMK1 expression in breast cancer cell lines revealed predominant colocalization, with focal adhesion complexes as shown by colabeling with an anti-vinculin antibody in MCF-7 cells (Fig. 1B Upper) and MDA-MB-231 cells (Fig. 1B Lower) . After the treatment with 10 M of the ROCK inhibitor Y-27632 for 30 min, LIMK1 localization at the focal adhesion complexes changed and was found dispersed throughout the cytoplasm in both cell types (Fig. 1B) , identifying a role for the Rho-ROCK pathway in the formation of focal adhesion complexes, as suggested (31) . Colocalization of LIMK1 with F-actin is also evident in MDA-MB-231 (Fig. 1C) . Overall, the level of LIMK1 staining seemed higher in MDA-MB-231 cells compared with MCF-7 cells where the majority of the protein is evident at the cells' periphery in addition to prominent cytoplasmic localization. After the expression data, we next analyzed whether changes in LIMK1 expression or activity in MDA-MB-231 cells affected their motility. We generated three MDA-MB-231 cell lines stably expressing myc-tagged wtLIMK1 or DN-LIMK1 proteins. The level of endogenous and overexpressed LIMK1 proteins was determined by immunoblotting. Whereas all of the clones expressed a similar level of endogenous LIMK1 protein, the expression level of overexpressed wtLIMK1 and DN-LIMK1 proteins differed among the different clones. The three cell lines overexpressing wtLIMK1 showed Ϸ14-to 20-fold more wt-LIMK1 whereas the three DN-LIMK1 transfectants revealed Ϸ3-to 9-fold more DN-LIMK1 when compared with endogenous LIMK1 levels in the mock transfectants ( Fig. 2A) . Clone 3 from both wtLIMK1 and DN-LIMK1 transfectants showed the highest levels of transgene overexpression.
To investigate whether changes in the level of LIMK1 protein also resulted in changes in its activity, we estimated the level of phosphorylation of the endogenous substrate, cofilin, by immunoblotting and probing with anti-phospho-cofilin antibodies (Fig. 2B) . The stable transfectants expressing wtLIMK1 showed 1.3-to 1.7-fold increase in the level of phospho-cofilin compared with that of mock transfectants (clone 1, 1.28 Ϯ 0.13-fold; clone 2, 1.53 Ϯ 0.13-fold, P Յ 0.05; and clone 3, 1.71 Ϯ 0.03-fold, P Յ 0.05). Conversely, DN-LIMK1 transfectants showed a small but significant decrease (0.9-to 0.7-fold change) in the level of phospho-cofilin compared with that of mock transfectants (clone 1, 0.89 Ϯ 0.08-fold; clone 2, 0.79 Ϯ 0.09-fold; and clone 3, 0.68 Ϯ 0.08-fold, P Յ 0.05; Fig. 2B ). The activity of LIMK1 as judged by the level of phospho-cofilin positively correlated with the expression level of overexpressed wtLIMK1, and negatively correlated with the expression level of DN-LIMK1.
LIMK1 Is Important for Invasiveness. The invasiveness of each cell line was determined in the in vitro Matrigel invasion assay. MDA-MB-231 cells overexpressing wtLIMK1 showed increased motility (1.2-, 1.3-, and 1.8-fold, respectively) than mock transfectants (Fig. 3A) . Pretreatment of the cells with 10 g͞ml C3 for 24 h or with 10 M Y-27632 for 6 h resulted in marked inhibition of their migration (86-90% and 70-75%, respectively; Fig. 3A) . In contrast, the migration of MDA-MB-231 cells expressing DN-LIMK1 was reduced compared with the mock transfected cells (Fig. 3B) . Clones expressing higher levels of DN-LIMK1 (Fig. 3B ) exhibited lower invasiveness, indicating that endogenous LIMK1 activity is required for the invasiveness of MDA-MB-231 cells.
To further ascertain that the higher levels of LIMK1 are responsible for the increased invasiveness of MDA-MB-231 cells, we generated clones of MCF-7 cells permanently expressing different levels of wtLIMK1. In general, the invasiveness of the MDA-MB-231 cells is Ϸ16-fold higher than that of MCF-7 cells (compare mock in Fig. 3A with mock in Fig. 3C ). However, the MCF-7 clones expressing higher levels of LIMK1 (clone 3 Ͼ 2 Ͼ 1) had a greater number of cells traversing the Matrigel than those expressing lower levels of LIMK1, and their invasiveness was comparable to those expressing activated Rho (V14RhoA) or ROCK (⌬4ROCK) (Fig. 3C) . Pretreatment of the wtLIMK1 transfectants with 10 g͞ml C3 for 24 h or with 10 M Y-27632 for 20 h resulted in inhibition of their migration. The MCF-7 clones were found to express 6-to 10-fold more wtLIMK1 compared with endogenous LIMK1 (Fig. 3D) , and correspondingly displayed increased levels of phospho-cofilin ( Fig. 3E ; clone 1, 1.92 Ϯ 0.19-fold; clone 2, 2.11 Ϯ 0.17-fold; and clone 3, 2.36 Ϯ 0.07-fold; P Յ 0.05).
To verify that the overexpression of LIMK1 had no effect on other known signaling pathways of ROCK, the level of phosphorylated MLC-20 was measured in MCF-7 transfectants by using anti-phospho-MLC-20 polyclonal antibodies. An immunoblot analysis revealed that the level of phosphorylated MLC-20 in wtLIMK1 MCF-7 transfectants was similar to that in mock transfectants, whereas V14RhoA and ⌬4ROCK transfectants showed marked increase in phosphorylated MLC-20 (Fig.  4) . The overexpression of wtLIMK1 or DN-LIMK1 in MDA-MB-231 also had no effect on the level of phosphorylated MLC-20 (data not shown).
Immunofluorescence analysis of LIMK1 MDA-MB-231 transfectants stained for F-actin and with anti-vinculin antibody demonstrated increased stress fibers and enlarged focal adhesion complexes compared with mock transfectants (see Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas. 
Formation of Osteolytic Lesions by LIMK1 Mutants of MDA-MB-231
Cells. To demonstrate that the Matrigel chamber assay data reflect the ability of the cells to invade in vivo, we tested their capacity to form osteolytic lesions by injecting them into the left heart ventricle of female nude mice (23) . Nude mice injected with wtLIMK1-overexpressing MDA-MB-231 cells (clone 3) showed cachexia (body weight, 18.7 Ϯ 3.4 g) compared with mice injected with mock transfectants (body weight, 21.5 Ϯ 2.0 g). Osteolytic lesions were assessed by x-rays, and, 3 wk after injection, they appeared primarily in the lower extremities close to the knee joint. Mice injected with wtLIMK1-expressing MDA-MB-231 cells showed a significantly increased number (12.8 Ϯ 1.9) and area (11.3 Ϯ 1.7 mm 2 ) of the osteolytic lesions compared with those injected with mock transfectants (6.5 Ϯ 1.9 and 5.5 Ϯ 1.9 mm 2 , respectively; Fig. 5 ; P Ͻ 0.01). In contrast, mice injected with clone 3 of DN-LIMK1 MDA-MB-231 cells resulted in a significantly reduced number (1.6 Ϯ 0.7) and area (2.1 Ϯ 1.0 mm 2 ; P Ͻ 0.01) of the lesions (Fig. 5) , and showed no change in body weight.
Discussion
Our previous studies of ROCK in tumor cell dissemination (17) did not delineate whether both ROCK's effectors, MLC-20 and LIMK1, were involved. Cell body contraction depends on actomyosin, which is regulated by ROCK as it affects MLC phos- phorylation (20, 32) . However, overexpression of wtLIMK1 or DN-LIMK1 in MDA-MB-231 and of wtLIMK1 in MCF-7 cells had no effect on MLC phosphorylation but affected the invasiveness of these cells, indicating that the ROCK-LIMK pathway is independent of the ROCK-MLC-20 pathway in these cells' motility.
In agreement with our study, Nishita et al. (33) have shown that SDF-1␣-induced actin-dependent T cell migration is mediated by increased LIMK1 activity, whereas p21-activated kinase 4 (PAK4), a known LIMK1 activator (34), interacts with ␣v␤5 and selectively promotes integrin ␣v␤5-mediated cell migration (35) . However, our data also contrast with past studies where cell motility was inhibited by LIMK1 overexpression in Rastransformed Swiss 3T3 fibroblasts (36) , and transient expression of the kinase domain of LIMK1 completely inhibited epidermal growth factor-induced lamellipodial extension in metastatic rat mammary adenocarcinoma (37) . The reason for these differences is not clear but could be due to different cell types used or to the level and activity of overexpressed LIMK1. We generated stable cell lines overexpressing varying levels of wtLIMK1 and DN-LIMK1 proteins; however, we have consistently observed that transient transfections of high levels of wtLIMK1 or of the kinase domain alone results in massive actin-clumping followed by cell death 24-48 h posttransfection in multiple cell types (ref. 21 and unpublished observations). Thus, we propose that the level of LIMK1 is critical for cell survival. Too much or too little LIMK1 may differentially impact the actin-depolymerizing activity of cofilin in different cell types.
One of the important findings of this study is that the motility of tumor cells correlates with the level of LIMK1 expression and activity. We correlated the capacity of these cells to invade by counting the number of osteolytic lesions after intracardiac injection. During the formation of osteolytic lesions, a number of cytokines are secreted and stimulate osteoclast activity, which leads to local osteolysis (38) . This process requires the invasion of tumor cells into the bone marrow cavity; therefore, the number and the area of the lesions correlate with the invasive ability of the cancer cells. The development of cachexia only in mice injected with wtLIMK1 MDA-MB-231 cells is likely due to the increased number of osteolytic lesions. The overall wellbeing of the mice may be affected due to decreased food intake, which is often associated with cancer patients and͞or increased levels of tumor cell-derived growth factors (reviewed by Tisdale in ref. 39 ). For example, parathyroid hormone (PTH)-related peptide (PTHrP) has been associated with the development of osteolytic lesions from breast cancer metastatic cells and cachexia in the presence of hypercalcemia (40, 41) . The increased infiltration of MDA-MB-231 cells containing increased levels of wtLIMK1 may have led to increased PTHrP production in the bone (41) .
We have also observed that LIMK1 is highly expressed in multiple human tumors, including melanoma, ovarian carcinoma, lung, breast, and prostate, all of which are highly invasive (data not shown). Potentially, the level and activity of endogenous LIMK1 could correlate with the invasive and therefore metastatic potential of the tumor. Thus, measurement of LIMK1 levels could be important in the management of prostate cancer where routine treatment is prostatectomy regardless of the cancer's condition. The availability of a reliable marker for cancer's ability to invade would be helpful in avoiding surgical intervention. Another important observation is that the inhibition of LIMK1 activity results in a dramatic reduction in cell motility. This finding indicates the potential to treat invasive cancers with compounds that inhibit LIMK1 activity specifically, as opposed to those such as the ROCK inhibitor, Y-27632, as ROCK is involved in several signal transduction pathways including those affecting blood pressure control (16) , penile erection (42), apoptosis (43) , and malignant transformation (44) . Furthermore, the structure of the LIMK1 kinase domain is unique and its activation loop is longer than that of many kinases, increasing the possibility of designing a drug that will inhibit specifically the activity of LIMK1 in cancer invasion and metastasis. To date, the only known target of LIMK1 is cofilin, whose only known function is the regulation of actin dynamics. In addition, it was recently shown that LIMK1 is not essential for cell survival because mice lacking LIMK1 gene exhibit only minor abnormalities in spine morphology and in synaptic function (45) , making this molecule an attractive target for drug design. The number and area of osteolytic lesions in nude mice bearing wtLIMK1-MDA-MB-231 (clone 3; 11 mice), DN-LIMK1 (clone 3; 11 mice), and mock (14 mice) transfected cells. The number and area of osteolytic lesions were scored 3 wk after cell inoculation on the radiographs by using quantitative image analysis.
